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In this paper, a three-phase load connected to a NPC three-level inverter is 
presented. To generate gate signals for the multilevel inverter, two 
commands are developed and compared: the phase disposition pulse width 
modulation (PDPWM) and the space vector pulse width modulation 
(SVPWM). DC supply is provided by photovoltaic cells. Boost converter 
controls the power transfer from photovoltaic generator. Due to nonlinear I-V 
characteristics of photovoltaic cells, a maximum power point tracking 
algorithm is adopted to maximize the output power, the nonlinear controller 
(sliding mode) is developed and simulated. To verify the effectivnesse of the 
introdueed controller, it is compared with the fuzzy logic controller. Matlab- 
simulink is used for simulation, analysis and interpretation the results of 
these controllers 
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1. INTRODUCTION 

Solar energy is a valuable alternative to the energy from fossil fuels. The PV energy is developing 
very rapidly, it is durable and without polluting the environment. For controlling, the delivered electric power 
it is anticipated an action on electronic power interface connecting the PV generator with its load. The PV 
system generates a power that is dependent on the changing climate conditions: the solar irradiation, the 
temperatures of the panels and the load change [1]. Thus, a method of searching the maximum point power 
(MPP) for controlling the duty cycle of DC/DC converter is necessary to ensure optimal operation for PV 
system under different operating conditions [2]. Several techniques are developed for tracking the maximum 
point power (MPPT) satisfying the non-linearity of the characteristic of PV modules and the conditions 
described above, each has their own advantage and disadvantages [3]-[5]. 

This paper focuses on the comparison of static and dynamique regime of Sliding Mode Controller 
(SMC) and Fuzzy Logic Controller (FLC) for the tracking of the maximum power point under irradiance 
change. The efficiency and precision of solar power system are influenced by to the nonlinear variations, thus 
SMC is designed and compared with FLC for effective operation under non-linear parameters variations [6]- 
[ 10 ]. 

The controlled developed helps to avoid the drawback of the FLC, in this method the system state is 
confined on the sliding surface and is driven to the origin: the sliding surface jdl is selected to ensure 

that the system state will hit the surface and produce maximum power output persistently, to avoid saturation 
of proposed control the scaling constant k is used, its value must not be large and it can be determined 

by k<l/\s\ 

/ I Imax 
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On the other hand, for the connecting of these systems to the electricity distribution network we use 
inverters, which the profitability is a key element influencing energy supplied, quality and performance of the 
installation. The structure of the multilevel inverter allows responding in these requirements by increasing 
power and reducing harmonics of AC load. Currently, the multi-level inverters are increasingly used in 
applications for renewable energy [11]-[13]. 

2. PV SYSTEM 

A photovoltaic cell is made of semi-conductor materials and converts light energy directly into 
electrical energy. It is based on physical phenomenon called photovoltaic effect. To produce more power, the 
solar cell is assembled to form a module. The serial connections of several cells increase the voltage, while 
the implementation in parallel increase the current. 

Several models of cells exist, the model used in this paper is shown in Figure 1. Because of its 
simplicity, this empirical model is currently the more commonly used. It is made of a constant current source 
modelling the magnetic flux where Ipv is photocurrent create by radiation from sun and of diode, which 
represents sl P - N junction of the cell, the losses are modelled by two resistors: a shunt resistance and a 
series resistance [14], [15]. 



Figure 1. Equivalent circuit of the PV cell 


3. MPPT CONTROL 

The operating power of generators is calculated from the voltage current product. However, the 
determination of the reference power is more delicate because it is a function of meteorological parameters 
(temperature, irradiance). The operating at maximum power point is difficult to achieve because this 
reference is variable and characterized by a nonlinear function. Several techniques are developed to provide 
the optimal aerating [16], [17]. Figure 2 shows the PV array characteristic curve with the maximum point 
power variation under different irradiation (400 -►hOO "► 800 "►lOOO W/rn). 



Figure 2. Maximum power point under different irradiation 
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3.1. DC/DC Converter (Boost Converter) 

This DC/DC converter also called boost converter is a static electronic power converter device 
thereby increasing the initial continuous voltage, it makes to impose the current determined by MPPT 
algorithm. The system including the boost converter consist of two operating sequence, the first sequence 
shown in Figure 3 is characterized by a closed switch (S=l) and the diode is open. 





Figure 3. Boost converter in the first sequence 


In this case, the equations describing the system are: 

r 

dt L 
dt RC 2 


( 1 ) 


An open switch characterizes the second sequence and the diode is closed. This sequence is shown 
in Figure 4. 



In this case, the equations describing the system are: 
dij^ _ V ~^o 

< ^ ( 2 ) 
dt RC 2 C 2 

From two systems of equations (6,7), the model mathematic of the boost converter is given by [18]: 
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di^ Vpv-Vo Vo 

^ dt L L 

^0 _ ^0 , it 

dt RC 2 C 2 C 2 

Where is the state of the switch i/. Equations 3 can be described by: 


(3) 


X = f (x,t) + g(x,t)u-\- A 


Where: 

X = \_Xi 


f(x) = 


X 2 f =[iL V,f 


0 

-X2 


X2 
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L 

\8{x) = 
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pv 
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Xi 

-X2 


-Xi 


_ 0 _ 

_C2 
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_C2_ 



(4) 

(5) 

( 6 ) 


3.2. Sliding Mode Control 

The sliding mode control is a nonlinear control, it is characterized 
in passage by switching surface called: sliding surface [19], [20]. 

Choice of sliding surface: the condition of maximum power point 


by the discontinuity of the control 


PPM is given by 


dPpy 

dVpy 


= 0 


In this condition, it is guaranteed that the system state will hit the surface and produce maximum 
power output persistently. 


S(x) = 


dPpy 

dVpy 


= I 


PV 


dipy 




(7) 


Calculation of the equivalent control, it is determined from the flowing condition: 


05 • 05 • 


5(x) = — Xi -r- X2 

0Xj 0^2 


( 8 ) 


Knowing that the surface 5 depends on /^then we can write: 


05 

dS 

— 

0 ; -=0 

dx^ 

8x2 

• 

SS • ^ 

^(x) = 

= — Xi = 0 




Then, the expression of equivalent control can be derived from the condition xl=0 


u -lAfx 


Finally, the real control signal is given by: 


(9) 

( 10 ) 


(11) 
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u 


r 

1 

" + fcS, for 

0 


Q<u^^+kS <\ 

tq 


( 12 ) 


Where k is positive scaling constant, the equivalent control is comprised with and kS ,where 
u^q is the required effort for S and kS can be considered as the effort to track the MPP. The surface sliding 
and duty cycle versus operation region are shown in Figure 5. 


10 , 

^ s<o »!# s>o 

I 

Mfp 



Figure 5. Duty cycle versus operation region 


A Fyapunov function is defined as: 
V = 

2 


(13) 


Knowing that: 


Jpv=^phc-Nphc^^^ 


(v -NV ) 

pv s oc 


V J 


(14) 


And 


dl^. N„ I 


pv 


p sc 


dV. 


exp 


pv 


fv -NV ^ 

pv S OC 

J 


(15) 


Substituting (14) and (15) into (7), the sliding surface can be written: 




S(x) = Np I,^- 


1V„A.+— 


^ fv -NV '] 

pv S OC 


p sc pv 

J 


exp 


V J 

The time derivative of S can be written as: 


(16) 
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y. 


A 


5(x) = -| 2 + -^ 


ny, 


Nphc 


exp 


^v^.-Ny^'\dy. 


tj 


’ pv 


pv 


dt 


(17) 


1. Csise S(x)>0\ 

^pv 

In this case, the voltage must be decreased to reach the PPM, it means that —— > 0 , by replacing 

dt 

equation (17), we get S> 0, which means S (x) S (x) < 0. It is concluded that the sliding mode is provided. 

2. Case S (x) > 0: ^ 

In this case, the voltage must be decreased to reach the PPM, it means that_< o^y replacing 

• • dt 

equation (17), we get S >0, which means 5'(x)S(x) < 0. It is concluded that the sliding mode is provided. 

3.3. Fuzzy Logic Controller 

The fuzzy logic controller is advantageously a robust control, which does not require the exact 
knowledge of the mathematical model of the system. This command is better adapted to the nonlinear 
systems [21], [23]. 

Figure 6 shows the proposed structure of fuzzy logic controller; it consists of two input (E, CE) and 
one output (Duty cycle), the relation between the input an output is given by following equations. 


('^) y _ y 

T«-l) 


^^(n) -^(n) ^(n-1) 


(18) 

(19) 


E 

CE 



Eigure 6. Euzzy controller diagram 


EIS consists of Euzzy Inference System (EIS) Editor, Membership Eunction Editor, Rule Editor, and 
Rule Viewer, Surface Viewer and defuzzification. The decision rule table relating to the input to the output 
fuzzy sets as shown in Table 1. 



Eigure 7. Membership function for inputs and output of fuzzy controller 
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Table 1. Fuzzy Rule base tables 


E/CE 

NB 

NS 

ZE 

PS 

PB 

NB 

ZE 

ZE 

NB 

NB 

NB 

NS 

ZE 

ZE 

NS 

NS 

NS 

ZE 

NS 

ZE 

ZE 

ZE 

PS 

PS 

PS 

PS 

PS 

ZE 

ZE 

PB 

PB 

PB 

PB 

ZE 

ZE 


4. DC/AC STATIC CONVERTER 

The voltage extracted from the PV generator is the DC voltage, to connect a three-phase load it is 
necessary to use the DC/AC converter. To meet the above requirement, the Neutral Point Clamped (NPC) 
three level inverter is used in this work. Figure 8 shows the neutral point clamped (NPC) three-level inverter. 



Three 

phase 

load 


Figure 8. NPC three level inverter 


To generate the command impulses, two commands are used and evaluated: 

1. PDWM (Phase Disposition PWM): 

To generate the command impulses of converter an N voltage levels, N-1 triangular carriers are 
necessary. These carriers have the same frequencyand the same amplitude A^the carriers can be shifted 
horizontally, the phase difference between two consecutive signals is given by 2/A-l , the carriers have the 
same shifted vertical. They are then compared with a reference signal of amplitude A^ and frequency 
The Amplitude modulation index is given by: 


2Ar 


( 20 ) 


The frequency modulation index is given by: 


( 21 ) 


In this case all carriers are identical in amplitude Ac , in phase and in frequency Fc- 
2. SVPWM (Space Vector PWM): 

This is an advanced PWM method because of its superior performance characteristics, it has been 
finding widespread applications in recent years [23], [24]. The SVPWM algorithm consist of five steps: 

a. Determination of the voltage reference vector. 

b. Calculation of the sector. 

c. Calculation of the region. 

d. Calculation of the switching time. 

e. Calculation of the switching sequences. 
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With ap transformation the signal is demonstrated in a two-dimensional plane, the three-voltage 
vectors are replaced with and : 




1 1 




1 _2_ _2_ 
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_ 2 

2 2 

an 

1 

_1 

“ 3 

0 ^/3 ^/3 

^bn 

V 



2 ' 2 _ 

_ cn _ 


Where: 


( 22 ) 


^an=KiXSin(®t) 

t- 2 -) (23) 

3 

Kn X sinewy t-4^) 


The amplitude and angle of the reference vector are given by: 




^(Vaf+ (V^f 


y = tan' 


-1 


Yi 


(24) 


The vector diagram of a three-level inverter is shown in Figure 9, it can be subdivided into six 
sectors (I to VI). 


VlB 


Sector II 

v; 





Sector I 


iVl3 


Sector VI 


Figure 9. Vector diagram for three level inverter 


According to the value of equation (24), the sectors can be determined by: 
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Sector 


1 if Q<e<- 

3 

2 if —<9 <— 

3 3 

3 if — <0<n 

3 

A-TT 

4 if n<0<— 

3 

.j, 4;r „ ‘in 

5 if — <6 <— 

3 3 

6 if — <6'<0 

3 


(25) 


From Figure 8, the region may be determined, according to the following conditions: 


Region = < 


1 if m^ < 0.5 and m 2 < 0.5 and m^ m 2 < 0.5 

2 if m^ < 0.5 and m 2 < 0.5 and m^ -r m 2 > 0.5 

3 if m 2 > 0.5 

4 if m^ > 0.5 


(26) 


Where 


2 . 



(27) 




mn= 


'^ref 

^DC 

3 


The reference vector in sector I and region 2 is shown in Figure 10. 


(28) 


(29) 


1^14 
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^ ref^s - +^7^ +^2^c 


(30) 


Where : 


^ 3 

^ 3 

VT=^e(’ 

Substituting (29) and (31) into (30), we can write: 


m„r^[cos(6>)+isin(6')] = |f„ 


cos||]+isin(| 


4 + — 


cos(f]+isin(| 


(31)\ 


(32) 


Knowing that: 

4' =^a+4+^c 

The switching time in the sector I and region 2 can be written: 


4 




--6 


K 


The switching sequences in the sector I and region 2 is defined by: 


T T T 
Sy = t^ + i^+tb. 


T 

-8. = ^ 
^ 2 



T 

4 


(33) 


(34) 


(35) 


5. SIMULATION RESULT 

To evaluate the performance and robustness of the system were developed a comparative study 
based on simulation in Matlab/Simulink between sliding mode and perturb&observe controllers. The 
proposed system including the three-phase three-level inverter shown in Figure 11, the proposed MPPT 
nonlinear controller is evaluated by varying the irradiance. 



Figure 11. System topology 
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The output power and voltage of the boost converter obtained by using EEC and sliding mode are 
shown in Eigure 12 and Eigure 13. It is observed that both SMC and EEC can track the MPP, we can also 
confirm that the SMC provides better reponse time, omproved transient behavior. 



Eigure 12. Output power for EEC and SMC 



01234567B9 10 

Time x10^ 

Eigure 13. Output voltage for EEC and SMC 


About DC/AC conversion, the output three level inverter is shown in Eigure 14 and Eigure 15. We 
note that the three-level voltage remains stable and has a desired value in sliding mode controller. The 
harmonic analysis of output three level voltage is shown in table 2 and table 3, the SPWM generates less 
Total Harmonic Distortion (THD) and higher output quality. Based on obtained results, the SVPWM 
technique remains the more reliable solution. 
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Figure 14. Three phase voltage with FLC 


100 



l imr (i) 


Figure 15. Three phase voltage with sliding mode 


Table 2. (fundamental) for different modulation indices 


ma 

1 

0.9 

0.8 

SVPWM 

39.31 

39.21 

38.75 

PDPWM 

38.47 

37.92 

37.26 


Table 3. % THD (voltage) for Different Modula tion Indices 


ma 

1 

0.9 

0.8 

SVPWM 

22.16 

25.61 

33.04 

PDPWM 

30.45 

32.67 

34.43 


6. CONCLUSION 

In this paper, fuzzy logic controller and sliding mode controller have been designed and simulated 
for the proposed PV system, comparison for simulation results have been presented for the same 
environmental conditions. 

The maximum power point (MPP) to be achieved through the too controller, sliding mode has 
proved a satisfactory behavior: the stability is easily achieved, and guaranteed during irradiance change, the 
SMC shows a better performance in transitional and permanent regime. 

The NPC three level is used for the DC/AC conversion, two commands have been developed and 
tested for different modulation indices ranging from 0.8-1. Compared to Phase Disposition Pulse Width 
Modulation (PDPWM), the Space Vector Pulse Width Modulation (SVPWM) has showed superior 
performances due to better quality reached of output voltage for all modulation indexes. 
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APPENDIX 


Table 4. PV Module Parameter 


Temperature (T) _ 25 °C 

Maximum power (Pmax) 60 W 

Voltage at Pmax (Vmp) 17.1V 

Current at Pmax (Imp) 3.5 A 

Short-circuit current (Isc) 3.8 A 

Open-circuit voltage (Voc) 21.1V 


Table 5. Boost Converter Parameters 

Inductance (L) 

25°C 

Capacitance (C) 

60 W 

Carrier switching frequency (fc) 

17.1 V 


Table 6. Three Level Inverter 

Parameters 

Capacitance (Cl) 

1900 10‘^F 

Carrier switching frequency (fc) 

6 KHZ 

Resistance load (R) 

30 

Inductance (L) 

50 lO^^H 


NOMENCLATURE 

Ipy =Photo-current 

/^=Reverse saturation current 

j =Short circuit current 

/J=Diode Current 

/ =Output current of solar cell 

7^^p=Current at maximum power point 

7^=Coil current for inductor 

K =Boltzmann’s constant 

^.y=Series resistance 

Rp =Shunt resistance 

y=Output voltage of solar cell 

Voc =C)p^ii circuit voltage 

y =Thermal voltage 

V = Voltage at maximum power point 
^MMP 


^=Carrier amplitude 
^=Reference amplitude 
i^=Carrier frequency 
P =Reference amplitude 
=Amplitude modulation 
Mr =Frequency modulation 
FLC=Fuzzy logic controller 
SMC=Sliding mode controller 
NPC=Neutral point clamped 
\^=Output voltage of boost converter 
^ =State of the switch 
MPP=Maximum Power Point 
MPPT=Maximum Power Point Tracking 
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